Abstract. We have carried out a survey of the Andromeda galaxy for unresolved microlensing (pixel lensing). We present a subset of four short timescale microlensing candidates with high ratio of signal-to-noise, by imposing severe selection criteria: the source flux variation exceeds the flux of a R = 21 magnitude star and the fullwidth half-maximum timescale is less than 25 days. One event, which lies projected on the M31 bulge is probably due to a bulge stellar lens. The other three candidates can be explained either by stars in M31 and M32, or by massive compact halo objects (MACHOs). As all four events can reasonably be attributed to stellar lenses, we conclude that our subsample of high ratio signal-to-noise candidates does not require the presence of MACHOs.
Introduction
Microlensing surveys (Crotts 1992) , (Baillon et al. 1993) towards M31 have the potential to resolve the puzzling question raised by searches toward the Magellanic Clouds: the optical depth τ ∼ 10 −7 measured by MA-CHO (Alcock et al. 2000) is too large by a factor 5 to be accounted for by known populations of stars and too small by the same factor to account for the dark matter, while the mass scale inferred for the lenses M ∼ 0.4 M ⊙ is right in the mid-range of normal stars. EROS (Lasserre et al. 2000) obtained upper limits that are consistent with the MACHO results. Because M31 is highly inclined (i ∼ 77
• ) to our line of sight, microlensing by massive compact halo objects (MACHOs) in a roughly spherical halo should give rise to an unambigous signature: an excess of events on the far side of the M31 disk relative to the near side (Crotts 1992) . Almost all other effects, such as variable stars that mimic microlensing events as well as microlensing by Galactic foreground stars or stars in the disk of M31 itself, should be symmetric.
However, the challenges of M31 microlensing surveys are formidable. Since M31 is 15 times more distant than the Magellanic Clouds, the stars are 225 times fainter and more densely packed on the sky. Originally, it appeared that developing the new techniques required to monitor flux changes of unresolved stars in the face of seeing variations would be the biggest hurdle. Now that this difficulty is largely solved (Ansari et al. 1997) , (Ansari et al. 1999) , (Crotts & Tomaney 1997) it is clear that a bigger obstacle is the low signal-to-noise ratio (S/N) which engenders a whole range of problems in distinguishing microlensing events from intrinsic stellar variability. First, the low S/N dictates that most potential M31 lensing sources must be luminous, and hence likely to be variables. Thus, there is a huge contamination from variable objects with source characteristics that are essentially the same as those of the lensed sources. Second, the lensed source is much more likely to itself be a variable compared to Cloud sources, and hence to be eliminated by the selection procedure. Third, one of the densely packed neighbors to the source may be a variable and corrupt its light curve. Finally, although on close inspection the lightcurves of variable stars in the Magellanic Clouds rarely look exactly like microlensing events, this will not always be apparent for M31 stars because of their lower S/N. Ultimately, the most secure method to distinguish any MACHO population from variable stars is to use ensemble statistics to look for evidence of near-far asymmetry (Kerins et al. 2001) .
The POINT-AGAPE collaboration is carrying out a pixel-lensing survey of M31 using the Wide Field Camera (WFC) on the Isaac Newton Telescope (INT). We monitor two fields of 0.3 deg 2 each, located North and South of the M31 center. In this Letter, we restrict ourselves to an analysis of the subset of events in our first two years of data that have both high S/N and short timescales. We thereby extract a relatively small sample of 4 events, but the microlensing nature of these events is virtually beyond question.
Observations and Data Analysis
The observations were obtained primarily in two bands each year, g ′ and r ′ from August 1999 to January 2000, and r ′ and i ′ from August 2000 to January 2001. These passbands are close to Sloan g ′ , r ′ , i ′ . The exposure times were typically between 5 and 10 minutes per night. Data reduction is described in detail elsewhere (Ansari et al. 1997) , (Le Du 2000) , (Calchi Novati et al. 2002) . After bias subtraction and flat-fielding, each image is geometrically and photometrically aligned relative to a reference image, which is chosen to have a long exposure time, typical seeing (1.
′′ 6) and little contamination from the Moon. The lightcurves are computed by summing the flux in 7-pixel (2.
′′ 3) square "superpixels" and then removing the correlation with seeing variation. The conversion to Johnson/Cousins (V, R, I) is made by photometry of (Haiman et al. 1994) standards.
We use a simple set of criteria to select candidates. Detection of events is made in the r ′ band, which has better sampling and lower sky background variability. We fit all lightcurves having detectable bumps to a (Paczyński 1986) curve with seven parameters, the Einstein timescale t E , the time of maximum t 0 , the impact parameter (in units of the Einstein radius) u 0 , and two flux parameters for each filter, one for the source F s , and one for the background F b . A bump is defined by at least 3 consecutive r ′ data points rising above the baseline by at least 3σ, with at least 2 points (in either band) on the rising and 2 points on the falling part of the variation (defined as the interval over which the lightcurve is at least 3 σ above baseline). We calculate the probability P that the bump is due to random noise, and demand − ln P > 100 in r ′ and − ln P > 20 in the other filter. To allow for non-standard microlensing events, we initially set a loose threshold of χ 2 /dof < 5. Then, to extract a sample of high S/N events, we demand R(∆F ) < 21, where R(∆F ) is the (Cousins) magnitude corresponding to (A max − 1)F s and A max is the peak of the Paczyński fit. These cuts leave 441 candidates. We examine these by eye for multiple peaks. Those with secondary peaks comparable to the primary are rejected immediately. However, we investigate whether smaller secondary peaks could be due to fluctuations of a neighboring star by performing astrometry on subtracted images of the primary and secondary peaks.
After this cull, there remain 362 candidates. Events with t 1/2 > 25 days are strongly contaminated by variable stars. However, astrophysical processes other than microlensing leading to such huge fluctuations (M R (∆F ) < −3.5) on much shorter timescales are extremely rare. Imposing the cut t 1/2 < 25 days leaves just 8 candidates. Of these, 4 events are very convincing microlensing candidates and are discussed in the following. Of the other 4 events, one is suggestive of a binary lens and will be the subject of further analysis. The 3 remaining events are not convincing microlensing candidates because they are poorly sampled and/or have a noisy base line. Table 1 gives the main characteristics of the four candidates, PA-99-N1, PA-99-N2, PA-0-S3, and PA-00-S4. The letter N/S indicates whether the event lies in the north/south INT WFC field, while the number 99/00 gives the year in which the maximum occurs. The events are numbered sequentially. Figure 1 shows the positions of the four events projected on M31, and the light curves are presented in Figure 2 .
Four Robust Candidates

Other Stellar Lens Locations
PA-99-N1 and PA-00-S3
PA-99-N1 lies 7 ′ 52 ′′ from the center of M31 projected against the near side of the disk. (Aurière et al. 2001) showed that if one assumed a 20% MACHO halo (in accordance with (Alcock et al. 2000) ) and no (i.e., a flat) prior on mass, then the lens was equally likely to be an M31 star or a MACHO (with equal chance to be in the M31 or Milky Way halos). The stellar hypothesis is favored by the fact that the prediction for the MACHO mass is quite broad whereas if the lens is assumed to be an M31 star, its mass is log(M/M ⊙ ) = −0.6 +0.3 −0.2 , i.e., exactly the stellar range, even though there was no prior on the mass. This strong constraint on the mass was obtained from a limit on lens-source relative proper motion, which in turn derived from the absence of finite-source effects. However this argument should be handled carefully because it could be partly explained by selection effects: the detection efficiency to low-mass lenses is strongly reduced due to the onset of finite-source effects. Moreover, the bulge is rapidly al. 2001) ), yielding a strong constraint on t E . For PA-99-N2 and PA-00-S3, good sampling and S/N allow us to break the degeneracy between t E and the source flux quite efficiently. fading at this location, and therefore it is not the most probable location for bulge-bulge or bulge-disk lensing. PA-00-S3 lies 4 ′ 00 ′′ from the center of M31 where bulge-bulge lensing dominates (e.g., Kerins et al. 2001 ). The timescale is t E ∼ 13 ± 4 days, while the characteristic timescale for bulge-bulge lensing is t E,pred ∼ 20(M/0.5 M ⊙ ) 1/2 days with a FWHM of about a factor 10. Hence PA-00-S3 is very likely a stellar lens.
PA-00-S4
At 22
′ 31
′′ from the center of M31, PA-00-S4 (Paulin-Henriksson et al. 2002) lies well outside the projected area of the M31 bulge, but it is also only 2 ′ 54 ′′ from the center of M32. The source is an early A star, and therefore almost certainly lies in the M31 disk. The optical depth due to M32 stars at this position is
, where D LS is the distance between M32 and the M31 disk, and (M/L) R is the stellar mass-to-light ratio of M32. This is almost twice the halo optical depth assuming the (Alcock et al. 2000) MACHO-halo fraction of 20%.
PA-99-N2
PA-99-N2 also lies far out (22 ′ 03 ′′ ) from the center of M31, but unlike the case of PA-00-S4, there is no obvious concentration of stellar lenses along the line of sight. It therefore appears at first sight to be an excellent candidate for a MACHO lens, the only alternatives being self-lensing by the M31 disk (Gould 1994), lensing by the M31 stellar halo, or by a Milky Way star. We discuss the last two possibilities in section 3.1, but for the moment concentrate on M31 disk self-lensing. For sources drawn from the general disk population, the self-lensing optical depth is
where Σ disk is the disk column density and h is its exponential scale height. We measure the surface brightness of M31 at this location to be R = 20.6 mag arcsec
which, assuming a mass-to-light ratio (M/L) R = 2.5, extinction A R = 0.15, and inclination i = 77
• , yields Σ disk = 96 M ⊙ pc −2 . Hence, τ self−disk is comparable to the halo optical depth at this location, τ halo ∼ 2 × 10 −7 for a 20% MACHO halo.
However, the disk self-lensing hypothesis makes a reasonably model-independent prediction about the event timescales. Consider first the simple case where the source lies at the disk plane and is not moving, while the lens is drawn from a population with an exponential scale height h and Maxwellian isotropic velocity dispersion σ. For a lens of mass M , height z and transverse velocity v, the event timescale is t E = (4GM z sec i) 1/2 /vc. For an ensemble of events, the mean timescale is t E = (32GM h sec i)
1/2 /πσc. Using the relation of dynamical equilibrium, σ 2 /h = 2πGΣ disk , this yields,
If the source is young, it may perhaps be approximated as stationary in the plane, but even if it is moving like the old stars, the same equation remains valid. This is because a source moving with the same dispersion as the lens will have a relative velocity larger by a factor √ 2, but it will also on average be twice as far from the lens. Finally, we must take account of the fact that the velocity dispersion tensor is not isotropic. In the case of a microlensing event seen along the major axis, the transverse motion is composed primarily of the vertical (W) and radial (U) components of the dispersion tensor. For the Milky Way, the latter are about twice as big, so equation (2) should be divided by η ∼ 5/2. Finally this yields
in good agreement with the t E ∼ 90 days found for PA-99-N2. By contrast, the characteristic timescale for halo events at this position is t E,halo ∼ 40(M/0.4 M ⊙ ) 1/2 days. It should be remarked that the timescale distributions for both disk self-lensing and halo lensing are broad, so this argument does not rule out a MACHO lens. The coincidence of the timescales is suggestive rather than conclusive of stellar-lensing.
Another possibility is lensing by a star in the Milky Way. Since Σ MW ∼ 40 M ⊙ pc −2 , and the Galactic latitude of M31 is b = −22
• , the mean timescale for Milky Way events is longer than that given in equation (3) by a factor (csc |b| cos iΣ M31 /Σ MW ) 1/2 ∼ 1.6, a modest difference. If we assume that the two galaxies have similar disk scale heights, then the Milky Way disk optical depth is lower by a factor csc 2 b cos 2 iΣ MW /2Σ M31 ∼ 0.05, which strongly but not overwhelmingly favors the M31 disk. If the lens were in the Milky Way disk, we would expect an asymmetry in the light curve due to microlens parallax, since these effects are often visible for projected velocities ofṽ < ∼ 80 km s −1 and durations t E > ∼ 90 days (Bennett et al. 2001) . Actually PA-99-N2 does appear to show an asymmetric deviation from the Paczyński fit of the type normally associated with parallax. However, there is also a deviation near the peak of the light curve which has the form characteristic of a close approach to a small caustic due to a very wide or very close binary (e.g., (Albrow et al. 2001) ). Fitting such a light curve to the Paczyński form can give rise to apparent asymmetries between the wings when none are actually present. Further analysis will be required to determine whether this event exhibits parallax effects.
Finally, we point out that contamination of a MACHO halo signal by the M31 stellar halo has been inappropriately discounted in the past. In the case of the Milky Way, the stellar halo has only 1% of the density of the dark halo, implying an optical depth τ ∼ 5 × 10 −9 . Thus, even when probing a MACHO component comprising 20% of dark halo, it is safe to ignore the stellar halo. However, the M31 stellar halo is about 5 times denser than its Milky Way counterpart (Reitzel, Guhathakurta, & Gould 1998) , (Reitzel & Guhathakurta 2002) and should not be neglected.
Discussion and Conclusion
We have reported first results extracted from two years of data in our pixel lensing survey of the Andromeda galaxy. By imposing the stringent requirements R(∆F ) < 21 and t 1/2 < 25 days, we have selected 4 high signal-to-noise, short timescale microlensing candidates. We have very high confidence that they are microlensing rather than other forms of stellar variability or instrumental artifacts. In one case, the event is most likely caused by a stellar lens in the M31 bulge. The three others could be due to stellar lenses from M31 or M32, but could also be caused by halo MACHOs. From Monte-Carlo simulations we expect to have detected ∼ 20 events from a full halo of 0.5M ⊙ MACHOs, together with about 6 events due to bulge lenses. Our dataset very likely contains one and maybe two bulge events. The difference may reflect imperfect modelling of the bulge, or it may indicate that we are not identifying some bulge events because of their proximity to variable stars. However, it can just as easily be ascribed to statistical fluctuation: a two-event bulge sample is consistent with our simulations at the 1.6 σ level and has one-third the likelihood of a six-event sample, whilst a one-event sample has one-tenth the likelihood. Nonetheless, the full-halo prediction of 20 MACHO events can be clearly ruled out with high confidence, particularly since problems caused by neighboring variable stars should be much reduced for MACHOs in the outer disk than for bulge lenses in the inner regions. Still, since three of our four microlensing candidates could conceivably be MACHOs, the more conservative scenario with 20% of Galactic and M31 halos in the form of MACHO (Alcock et al. 2000 ) cannot be ruled out. However, such a MACHO contribution is not implied by our data because, in the three cases where MACHOs may be responsible, stellar lensing is equally plausible. This need not have been the case. Had one or several of these events been projected against the far side of the M31 disk, well away from the M31 bulge and from M32, the MACHO hypothesis would have been strongly preferred. Lower panels are zooms that focus on events in all bands where data have been taken. Solid lines are the Paczyński curves fitted on data points. For PA-99-N1, secondary bumps due to a neighboring variable star are masked (see (Aurière et al. 2001) ). Concerning PA-99-N2, note that deviations from the Paczyński curve are achromatic (see section 3.1). The light curve of PA-00-S3 has been prolongated with data taken in 1998-1999 on the MDM-McGraw-Hill telescope (Calchi Novati et al. 2002) and shows no secondary bumps.
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